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NUCLEIC-ACID THERAPEUTICS: 
BASIC PRINCIPLES AND RECENT 
APPLICATIONS 

Joanna 11 Opaliwka* and Alan M. Gewirtz 1 

The sequpncina of thn human genome and the elucidation of many molecular pathways that are 
important in dismsp hnvp prodded unprecedented opportunities for the development of new 
therapeutics. T^e typos of molecule in development are increasingly varied, and include antisense 

i oligonucleotides and ribozymes. Antisense technology and catalytic nucleic-acid enzymes are 
important tools for blocking the expression of abnormal genes. One FDA-approved antisense drug 

I is already in the doc for the treatment of cytomegalovirus retinitis, and other nucleic-acid therapies 

! are undergoing clinical Mais. This article renews different strategies for modulating gene expression. 

1 and discusser thn si reesses ^nd problems that are associated with this type of therapy. 



With their promise of high spa ificity ami low toxicity, 
many believe that grnc-targcted therapies will lead to a 
revolution in cancer therapeutics'. Numerous gene- 
therapy strategies an under development, some of which 
use nucleic-acid -base<1 molecules to inhibit pene express- 
ion at either the transcriptional or posMranscriptionat 
icveK This strategy clearly has other potential applica- 
tions, including in cardiovascular", inflammatory^ and 
infectious diseases 7 ,n , as well as organ transplantation". 

Although conceptually elegant, the prospect of using 
nucleic-acid molecules for treating human malignancies 
and other diseases remains tantalizing, but uncertain 13 . 
The main cause of this uncertainty is the apparent ran- 
domness with which these materials modulate the 
expression ol their intended targets. It is a widely held 
view that molecule Jelivrrv, and selection of which mess- 
enger RNA seijucmc to phvsk a llv target, arc core ^rum- 
bling blocks that hold up progress in the Held. In this 
review, we recapitulate 'he development of nuclcic-acid 
drugs for modulating gene expression, discuss newer 
strategies for solving the problems alluded to above, and 
detail attempts ,it n-ong these molecules therapeutically. 
In so doing, wr Impe in both educate the reader who is 
unfamiliar with tins literature, and convince those who 
arc sceptical that this remains a viable approach to 'on 
demand* manipulation nf iyne expression. 



Modulating gene expression 

The notion that gene expression could be modified 
through the use of fxocinoi's ni 'ci.ek; acips derives from 
studies by Patcrson et aV\ who first used single- 
stranded DNA to inhibit translation of a complemen- 
tary RNA in a cell-free system in 1 977. The following 
year, Zamecnik and Stephenson 11 showed that a short 
( 1 3-mcr) DNA oligodeoxynucleotide that was aktisf.nsf 
to the Rous sarcoma virus could inhibit viral replica- 
tion in culture. On the basis of this work, Zamecnik 
and Stephenson are widely credited for having first 
suggested the therapeutic utility of antisense nucleic 
acids. In the mid 1 980s, the existence of naturally 
occurring antisense RNAs and their role in regulating 
gene expression was shown"' u . These observations 
were particularly important, because they lent credi- 
bility to the belief that 'antisense' was more than just a 
laboratory phenomenon, and encouraged belief in the 
hypothesis that reverse-complementary antisense 
nucleic acids could be used in living cells to manipu- 
late gene expression. These seminal papers, and the 
thousands that have followed, have stimulated the 
development of technologies that use nucleic acids to 
manipulate gene expression. As will be discussed below, 
virtually all of the available methods rclv on some 
type of nudeotide-sequence recognition for targeting 
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figure 1 | Wpl»-h»llx formation at th» nucleotld« level. 

Shows the formntion nf W.i1r,on-Crick (mrJl and Hooqriteen 
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specificity. but iliffrr ^ to whore and how thev perturb 
the flow of genetic infnrmation. 

Stratcpif^ for modulating gene expression can be 
thought of as hrm H either 'anti-gene' or anti-mRNA 
(sec below; reviewed in iiF.F :v Ann-gene strategies focus 
primarily on gene targeting by homologous rccom- 
bination 17,1 '. or bv ram r nn.ix forming cLionr)F.oxYNuciEo- 
■noFJ (TFOs) 1 *. As homologous recombination involves 
vector tf chnolngv nnd — .it least at the present time — 
is much too inefficient for clinical use, it will not be con- 
sidered further in this discussion. TFOs bind in the 
maior groove of duplex ON A in a sequence-specific 
manner 10 , One target ing with these molecules is con- 
strained by the fact that TFOs require runs of purines 
on one strand and pyrimidines on the other (-10-30 
nucleotides (nts) in IrngiM for stable hybridization. The 
TFO can be composed of either polypurine or poly- 
pyrimidinc tracts, but hybridization alwavs occurs on 
the purine strand of the duplex through the formation 

of HOCKBTETNrlONt'Sfnr, ! h 

Successful use of ihis slrategy for blocking transcrip- 
tion and inducing specinc mutations, both m vitro and 
in vivo, has been reported f reviewed in RF.F. zo). Although 
the frequency of such events is typically <!%, Glazcr 
and co-workers :t h.ivc reported a system in which 
desired mutations can be induced in -50% of cells, indi- 
cating that genuine clinical utility might be possible. 
This general approach has also been used Tor inducing 
mutations that can actually repair a gene that has been 
made defective bv inherited or acquired point mutation. 
Work to support this concept using chimeric 
ONA-RNA oligonucleotides has also been reported, but 
again, the frequency of sikh repairs, in most cases, has 
heen far too low lo he of clinical use at this lime''. 

Short, double stranded (ds)PNA decoy molecules 
have also been used to disrupt gene expression at the 
level of transLript»<m : \ These o!igoden*vnuc!eo?ides 
arc designed to compete for transcription-factor com- 
plexes, with the ultimate gnal of attracting them away 
from the promoter that they would ordinarily activate, 
For many technu.i! reasons, including limited pene 
.Tccessibiiitv in the M'-n r^^r. structure, the clinical 
application of the<r methods has not progressed at A 
rapid rate. An alternative approach, using polyamides, 
or l Exminrw. has heen described by Pervan and coll- 
eagues"" 1 *. Tln-sr small molecules have the ability to 



diffuse into the nucleus, where thev can contact dsPNA 
in the minor groove, thereby impeding transcription by 
preventing unwinding of the duplex, or by preventing 
the bmdingof transcription -factor complexes to the 
gene promoter. DNA accessibility, and maintaining the 
appropriate 'register' of the polyamides for the desired 
sequence recognition, are problems with this method 
that remain to be solved' 7 . 

A larger body nf work has focused on ctr st nbi I i 71 n R 
mRNA. This approach, although less favourable than 
anti-gene strategics from a stoichiometric point of view, 
is nonetheless attractive, because mRNA, unlike the 
DNA of a given gene, is — theoretically— accessible to 
attack while being transcribed, transported from the 
nucleus or translated. Two nuclcic-acid-based strategies 
have emerged for blocking translation. One stratcgv 
uses oligoribonucleotides. Similar to the stratcgv of the 
PNA decoys, the RNA decoys are designed to provide 
alternate, competing binding sites for proteins that act as 
transitional activators or mRNA-stabilizing elements 7 " Ju . 
By attracting away the desired protein, the decoy can 
prevent translation, or induce instability and, ultimately, 
destruction of the mRNA. Recent studies on human 
a-globin mRNA arc of interest in this regard. Stability 
determinants for this mRNA species have been defined 
in sufficient detail so that it am be used as a model system 
for testing the hypothesis that altering mRNA stabilitv 
with decoys will be a useful form of therapy^-'. 

The other strategy for destabilizing mRNA is the more 
widely applied antisensc strategy, which usesnmozYxia, 
DMAmm., antisensc RNA or antisensc DNA (ODN). The 
antisense approach to modulating gene expression has 
been the subject of numerous authoritative reviews, and 
will not be discussed in great detail here 2 -"". Simply 
stated, delivering a reverse-complementary — that is. 
'antisense' — nucleic acid into a cell in which the gene of 
interest is expressed should lead to hybridization 
between the antisensc sequence and the mRNA of the 
targeted gene. Stable mRNA-antisensc duplexes can 
interfere with the splicing of hetcronuclcar RNA into 
mature mRNA M,u , block translation of completed 
message*-" and — depending on the chemical compo- 
sition of the antisense molecule —lead to the destruc- 
tion of the mRNA by binding of endogenous nucleases, 
such as KNasel P"-", or by intrinsic enzymatic activity 
engineered into the sequence, as is the case with 
ribozymes 4 ^' and ^NA^ymcs 1 ^ (FIG l). 

Nucleic acld» with catalytic activity 

Ribozymcs and DNAzymes bind to substrate RNA 
through Watson-Crick base pairing, which offers 
sequence-specific cleavage of transcripts. At least si* 
classes of ribozymc have been described. Two 
ribo7.ymes.the' hammerhead' ribozymc and thc'hair- 
pin ribozyme, have been exlensivelv studied owing to 
their small size and rapid kinetics"-". The catalytic motif 
is surrounded by Hanking sequence that is responsible 
for 'guiding' the ribozymc to its mRNA target and giving 
stability to the structure. With the hammerhead 
ribozyme, cleavage is dependent on divalent cations, 
such as magnesium, and can occur after anv NIMI 
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triplet within the tippet RNA sequence, for which 'N* 
represents any nucleotide, represents uracil and *H' 
represents adenine, cvlnunc or uracil" 17 - If ribozymes 
are to work efTeUtvelv as enzymes,' thev must not only 
hind substrate RNA hut also dissociate from the cleav- 
age product to act on further substrates. Dissociation 
from the cleavage pmdm i might, in fact, he an impor- 
tant rate-limiting ^cn thai controls their usefulness"^. 
Consideration of reaction kinetics indicates that 
ribozymes mt^ht have a theoretical advantage over 
RNase-H-deprmknt .ml ivnse oligonucleotides, hut to 
the hest of our knowledge, this has not hern shown con- 
sistently in vivo. Kibo7v:nrs can be expressed from a 
vector that offers thr advantage of continued produc- 
tion of these mojr, ulrs intracellular^'" a property 
that — at least until recently- — was not possible with 
anliscnsc DNA"'\ I lnwrvrr, it is well known that stable 
transduction of primary cells in vivo has substantial 
technical problems, which will not he discussed further. 
Progress has been made recently in synthesizing stable 
forms of these mol- c ulcs. sn that they might lie deliv- 
ered directlv to IN both v ( /r, M nd mvnv>''\ 



PNAzymcs have evolved from the seminal work of 
Breaker and Joyce'', who first showed that HNA. as well 
as RNA molecules, could act enzymaticallv and cleave a 
nucleic-acid substrate. Similar to nbnzvmes, ONAzvmcs 
have a catalytic domain that is flanked bv two suhstratc- 
recognition domains. After binding to their RNA sub- 
strate, DNAzymcs can cleave sequences that contain 
purinc-pyrimidine junctions. PNAzymcs have some 
theoretical advantages over ribo7ymes, DNA is more sta- 
ble than RNA, it is easier to synthesize, and the turnover 
rates for some of the DNAz.ymcs arc reported to he 
higher than some ribo7.ymes' : . Nevertheless, constant 
improvements in both DNAzymc" and ribozymc 
chemistry make this a 'moving target' in terms of 
which chemistry is better*. Although experience with 
DNAzymes as potential therapeutic agents is limited'', 
these molecules might prove worthy in the clinical setting. 

A newly developing approach for targeting mRNA is 
called post-transcriptional gene silencing, or RNA inter- 
ference (RNAi) 57 " 5 * fHG RNAi is the process by which 
dsRNA targets mRNA for destruction in a sequence- 
dependent manner. The mechanism of RNAi initially 
involves processing of long (-500-1 ,000 nucleotides) 
dsRNA into 2 1 -25 base-pair (bp) 'trigger' fragments" bv 
a member of the RNasc-UI family of nucleases called 
IilChR^ 1 . When incorporated into a larger, multicom- 
poncnt nuclease complex named RISC ( RNA-induccd 
silencing complex), the processed trigger strands form a 
'guide sequence' that targets the RISC to the desired 
mRNA sequence and promotes its destruction*'. RNAi 
has been used successfully for gene silencing in various 
experimental systems, including petunias, tobacco plants, 
neurospora. Caenorhabditis elegum* insects, planaria, 
hydra and zebrafish.The use of long dsRNA to silence 
expression in mammalian cells has been tried, largely 
without success* 1 . More recent reports using short inter- 
fering RNA (siRNA; sec below) seem to be more 
promising*". It has been suggested that mature, as 
opposed to embryonic, mammalian cells recognize 
these long dsRNA sequences as invading pathogens. 
This triggers a complex host -defence reaction that effec- 
tively shuts down all protein synthesis in the cell 
through an interferon-inducible sennc/threnntne- 
kinase enzyme called protein kinase R (PKR). PKR 
phosphorylates thea-subunit of eukaryotic initiation 
factor- 2 (EIF- 2a), which globally inhibits mRNA trans- 
lation. The longdsRNA also activates l.'S -oln'oadem l,M'< 
synthetase, which in turn activates RNasc I.. RNase i. 
indiscriminately cleaves mRNA. Cell death is the under- 
standable result of ihese processes. Recently, a number of 
reports have suggested that stRNA strands — RNA dou- 
ble strands of -2 1-22 nucleotides in length — do not 
trigger this host-defence response, and therefore might 
be able to silence expression in mammalian somatic 
cells if appropriately modified to contain .V-hydroxv 
and 5'-phosphatc groups**"*'. The universality of this 
approach, and the types of gene that can be modified 
using this strategy in mammalian cells, remain 
unknown at this time. 
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Altering «NA splicing 

Finally, the strategy of manipulating gene expression by 
altering RNA processing, as opposed to by mRNA 
destruction, is also worth mentioning, as significant 
progress seems to have been made in this area. Kolc and 
colleagues developed this approach using a model sys- 
tem based on human thalassemia' 0 7n . Thalassemias 
arc highly prevalent human blood disorders that arc 
characterized bv faulty Kumogiohm production and 
concomitant red-cell destruction thai results in 
anaemia. The genetic mutations that are responsible for 
t h c sc d i w ase s a r v we 1 1 ch a r at te ri ?cd , a nd o fte n i nvo 1 vc 
aberrant splicing Knle's group showed that treatment of 
mammalian cells that were stably expressing a human 
j*. globin gene with .intense oligonucleotides that were 
targeted at the aberrant spike sites blocked the abnor- 
mal splicing, thereby allowing the normal splice site to 
be used. Correction ot spin mg was niigo-dosc depen- 
dent and, importantly, led to accumulation of normal 
human P-globm mRNA and polypeptide in cells". 
More recenllv, correction has been accomplished in 
blood cells derived from ilul.issacmic patients 71 . This 
result would death have important clinical conse- 
quences if such treatment could be made effective at the 
level of the haematopoietic stem cell. These same work- 
ers suggest that this approach might also be useful in the 
treatment of cam < < , 



Increasing oligonucleotide stability 

in, Hal work with antisense DNA was carried nut with 
unmodified, natural molecules. It soon became clear, 
however, that native UNA was subject to relatively 
rapid degradation, primarily through the action of 
3' exonucleases, but also as a result of endonuclcasc 
attack. Molecules destined for the clinic, and those 
used for experimental purposes, arc now routinely 
modified to enhance their stability, as well as the 
strength of their hybridization with RNA (see RFFS i\ia 
for further details). Oligonucleotide drugs need to 
meet certain physical requirements to make them use- 
ful. First, they must be able to cross cell membranes 
and then hybridize with their intended target. The 
ability of an ODN to form a stable hybrid is a function 
of its binding affinity and sequence specificity. 
Rinding affinity is a function of the number of hydro- 
gen bonds that are formed between the ODN and the 
sequence to which it is targeted. This is measured 
objectively by determining the temperature at which 
50% of the double-stranded material is dissociated 
into single strands, which is known as the melting 
temperature, or T m . mRNA-associatcd proteins and 
tertiary structure also govern the ability of an ODN to 
hybridize with its target by physically blocking access 
to the region that is being targeted by the ODN. 
Finally, it is also clear that OPNs should exert little in 
the way of non-sequcncc-relatcd toxicity 7 ', and 
should remain stable in the extracellular and intracell- 
ular milieu in which they arc situated. Meeting all 
these requirements in any one molecule has turned 
out to be a demanding task. Satisfying one criterion is 
often accomplished at the expense of another. It is also 
worth noting that the more complex the molecule, the 
more expensive is its synthesis. In an age of increasing 
cost consciousness, this too becomes an important 
design consideration. 

First-generation antisen.se molecules were designed 
to make the internucleotide linkages — the backbone 
on which the nucleosides are hung — more resistant to 
nuclease attack. This was accomplished primarily by 
replacing one of the non-bridging oxygen atoms in the 
phosphate group with either a sulphur or a mcthvl 
group. The former modification, which is called a 
phosphorothioatc oligodeoxynuclcotidc, proved highly 
successful, because these molecules arc relatively nuclease 
resistant, they are charged and therefore water soluble, 
and they activate RNasc H. All of these properties arc 
desirable, and virtually all of the clinical trials done so 
far have been carried out with this chemistry, although 
trials using so-called 'second-generation molecules' 
(mixed backhone/chimeric oligonucleotides! will 
shortly begin. Second-generation molecules were 
developed to overcome the disadvantageous proper- 
ties of the phosphorothioates. A primary strategy that 
was used was to remove the phosphorothioatc link- 
ages to the greatest extent possible. This was often done 
bv flanking a phosphorothioatc core with nuclcasc- 
rcsistant nucleosides — often with 2'-0 sugar modifi- 
cations — that rendered the molecules more RNA 
like, and therefore gave tighter binding to the target. 
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ManychrmK.il modifh ations to the phosphodicster 
hnkage have hrm m-tde/lwo nl'thc more interesting 
modifications that arc now under development arc pep- 
ride nucleic m ids (PNAsP and mohi-iiui^.^ 01 i,-:oi*oxy 
^. . ci FrmnFWPM(XV\TlH-«- 1 nmpnunds arc essentially 
nuclease resists n!. PNAs represent a more radical 
approach to the nut leasr resistance problem, as the 
phosphodicster linkage is completely replaced with a 
polvamide (prphdH ba-lhonc Thry both form 
extremely tiRlu bonds with lhm UNA target*, and prob- 
ably exert their effects hy blocking translation, as neither 
molecule effectively activates RNase 11. Whether it is 
necessary to preserve the ability of these molecules to 
activate RNasc His controversial 17 , but many workers in 
the field still believe that molecules with this capability 
arc likely to be more effective, at least in the clinical set- 
ting. As these molecules do not move freely across cell 
membranes, thev must he injected or transfected into 
cc l| s . Finally, PNAs nre also sensitive to local ionic con- 
centration and do nn| hvhridi/c as well under physio- 
logical conditions. 

NucMe-»cld drug* In the clinic 

Diseases that are t haraclerizcd by ovcrexprcssion or 
inappropriate expression of specific genes, or genes that 
are expressed bv invading microorganisms, arc candi- 
dates for gene-silent ing therapies, l or this reason, the 
earliest clinical trials with these agents have been against 
human immunodeficiency virus (HlV)77-79 and 
patients with canccrRO. Malignant diseases, in particular, 
arc attractive candidates for this therapeutic approach, if 
for no other reason than that conventional cancer thera- 
pies are highly toxic. As antisense strategics are directed 
against genes thai an- aberrantly expressed in diseased 
cells, it might reasonably be expected that this approach 
will engender fewer and less serious side cfTects, as nor- 
mal cells should not be affected. There were concerns 
that this might not be the t asr when preclinical studies 
on primates with phosphorothioatc compounds 
resulted in (he death of some animals. I iowever, investi- 
gation of these occurrences showed that they took place 
after rapid bolus intravenous infusions at concentrations 
exceeding 5-10 ng ml ! , and that they were probably 
due to complement activation and vascular collapse". 



Box 1 j Ftrst approved miclelc-acld drug _ __. 

Vltrnvi-nr (sodium fomlvlrsen). in aittrvir*! drug that was developed by IS!* 
Phj.rnm. tuti. nU and is marketed by CfBAVIsion, was approved by European and US 
regulatory authorities in July 1 999 and An*"* 1998. respectively. Vitrovene is used tn 
,r«n an inflammatory viral infection of the eyt (retinitiO that is caused by the 
cytomegalovirus fCMV). CMV often Infects immunocompromised patients, and 
patients with uncontrolled AIDS are particularly at ride One nr both eyes can be 
affected, and it is not unusual for patients to suffer severe visual impairment or 
blindness as a remit of untreated infection*. Treatment of CMV retinitis is problematic, 
in particular for patients who cannot take, do not respond or become resistant to 
ttandard antiviral treatments for CMV infections, such as ganciclovir, foscarncl and 
, id,.fovir ir - Mtravcne is an antisense phosphoroihinatr 21 mer oligonucleotide has 
a sequence that is complementary to merger RNA that is transcribed from the mam 
immcdiale-early transcriptional unit of CMV * 



This experience was therefore a useful reminder that, 
in addition to side effects resulting from the suppres- 
sion of the targeted gene, side effects related to the 
chemical backbone of the oligonucleotide should also 
be anticipated. In the case of phosphorothmates, this 
problem was easily addressed by infusing material 
continuously, or slowly, and at lower doses. In actual 
use in the clinic, phosphorothioates have proved to be 
rcmar kably well tolerated fnov n. Abnormalities 
related to the backbone include transient fever, fatigue, 
nausea and vomiting, mild to moderate thromho- 
cytopaenia and transient prolongation of partial 
thromboplastin time (PTT; 1 .25-1 .75 *), which is for- 
tunately unassociatcd with any signs of overt clinical 
bleeding" 2 '"-.At present, several clinical studies have 
been carried out using a number of different oligo- 
nucleotides. Below, we review some of the more recent 
clinical studies that have been earned out on patients 
with malignant, inflammatory, cardiac and infectious 
diseases (summari7rd in taw r. 0. 

Targeting apoptosfs Inhibitor* In oncology 

BCL2: cancer treatment Targeting B-cell lymphoma pro- 
tein 2 (B( \U) is a promising example of triggering apop- 
tosis in tumour cells. BCL2 is an important regulator of 
programmed cell death, and its ovcrer prcssion has been 
implicated in the pathogenesis of some lymphomas". 
Resistance to chemotherapy, at least in vitro, might also 
be related to BCL2 ovcrexprcssion" 7 " Laboratory studies 
have shown convincingly that exposing celts to an 
oligonucleotide targeted to BCL2 will specifically 
decrease the amount of targeted mRNA and protein 
(six-eightfold reduction). For all of these reasons, there 
is a great deal of interest in targeting BCL2 for therapeu- 
tic purposes" 9 . Several clinical trials with a flCL2-targeied 
antisense molecule have been reported, both alone" " 
and with supplementary chemotherapy" " g: . Studies 
with the oligonucleotide alone have not shown consis- 
tent, strong antitumour responses. The addition of 
chemotherapy might be helpful in this regard, An issue 
with several of these studies is lack of correlation of 
tumour responses with significant cfTects on BCL2 pro- 
tein expression. The mechanism of action of the com- 
pound is not entirely clear. 

Tran»cr1ptlon-factor targeting In oncology 

c-MYB: bone-marrow purging. The normal homo- 
logy of the avian myeloblastosis vims oncogene ( v-myM 
is a proto-oncogene called c MV71. c-AfVB encodes a 
protein (MYB), which is a regulator of cell-cycle trans- 
ition and cellular maturation, primarily in hacma 
topoirtic cells, but in other cell tvpes as well. A 
recently published study was designed to test the 
hypothesis that an effectively delivered, appropriated 
targeted ODN might provide a proof of concept about 
the ability to target a specific mRNA and therebv kill 
tumour cells selectively". To test this hypothesis, an 
ODN targeted to the c-MYB proto-oncogene was used 
to purge marrow autografts that were administered to 
patients with allograft-mcligiblc L hmnic myelogenous 
leukaemia fCMIT.UVU' marrow cells were purged 
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with OPN fnr other ?l ' n ^ P) or 72 ( n - 5) hour, 
;nCr Vit p n <t-pnriri'T,^--'^ v ^ mRNA Irvcl.s declined 
subManhallv in nl pai.ents. Analysis nf 

;;f,W_/UH fl.riMk|VMn! JmnUt rr^inn- AbcKon murine 
leukaemia vir.i! mn npenr hnmnloiiuc) expression in a 
surrogate strm-u-lla^av indicated that purging had 
In-cn aa-ompliOu-il ,.t .1 pnmiiive tell level m .^0%of 
patients. Cytn^enefu < wee evaluated at d.iv 100 in sur- 
viving patient-, who did tint require administration nf 
nnpurged're^ nr -n.irmw for rnpr.dtmrnt f n - Ml. 



(All purging protocols require storage of untreated mar- 
row as a 'back-up', in case the purged material does not 
engraft.) Whereas all patients were -100% Ph 
(Philadelphia chromosome positive) pre-transplant , 
two patients had complete cytogenetic remissions, three 
patients had <33% Ph' metaphases and eight remained 
inn% rh'. The marrow nf one patirnt vielded no 
mctaphascs, hut fluorescence in <rrw hybridization 
friSl-n evaluation ~ 18 months post-transplant revealed 
,hai -45% nf cells were HCM -A fif. , indicting thai six 



TaNo 11 Summary of recently published clinical trial, with nucletc-*cid drugs 



Target 



BCL2 

combirvxj w" % 
da'rvbazmn 

F3CL2 

Comb' ied vv ilH 
mi'oxnn'roon 

Pomiv' r son 
CMV 



c-PAP 
kinase 



Type 
of study 

jlVr.nnfro; 
P'iir.Hbc 1 
ro ntrQl|pri; 

double blind 

Placebo 
controlled; 
dctibie blind 

Phase 1 



Pt",i1Q€> 1 



phase i/'H 



Phncn ;/'! 



Multicentre, 
randomized; 
prospective 

PhpjC.p 1 



Phase 1 



V 1 lltK-rtPtrp 

Phase -i 



Pf\iSf> 1 



No. 6f 
patients 

75 



20 



36 



21 



26 



29 



23 



34 



22 



22 



78 



Diagnosis Dose rang* 

O.f; ma 

0.5-2 mg kg' 1 
0. '5-6 mg kg-'d- 1 

0.5-3 mg kg-'d 1 



Crohn's 
disease 

Advsnrnd 



Adv-mowi 

Ad\ meed 
mala n ant 
nio| interna 

CVV rptin'tis 
in A'DS 
pnl-nr^ 

Ad'- -inrnd 

Art . •meed 
r;mce r 



4.K-195 B 
ma rrv ; d 1 

0 6 6.5mgkg d* 1 



0 6-5 mg kg ' d ' 
165 pg 

0 5-10mgkg' , d- 1 

1-5 mg kg- 1 d'' 

? mg kg ' d ' 

ma kg ' d' 1 
* -7 'i ma d : 



Treatment 
duration 

2 days- 

4 weeks 



26 days 



3 days per 
week for 3 
weeks every 

4 weeks 

21 days 
every 
4 weeks 

1 4 days 



14 days 
every 
4 weeks 

' 4 days 
every 
28 days 

Once per 
week 



1 4 days 
every 

3 weeks 

21 days 
every 

4 weeks 

21 days 
every 
4 weeks 

Weekly 



Administration Remissions Refs 



;iogie dose 



SC 



2 hours IV 
infusion 

2 hours IV 
infusion 



Continuous 
(V infusion 

Continuous 
SC nfusioo 

Continuous V 
infusion 

Continuous V 
infusion 

Intravitreousty 



Continuous V 
infusion 

Continuous V 
inft jsion 

Continuous V 
infusion 

24 hours IV 
infusion 

!rtrriCO r o n a^/ 



Nrt <;ionifr,nni 



47% st^roid- 
tree 

remissions 
2 C R 



3 responses 



1 CR. 2 minor 
responses 

1 CP, 2 PR 

3 minor 
responses 

2 deceases 
mPSA 

Time to 
progression 
71 versus 
1 3 days 

4 stable 



2 stable 
diseases 

No responds 



No responses 



82 



83 



91 



99 

'OR 



Placebo 

controlled 



85 



1? 



AMer 
COTnnry 

implantation 



'0 mg d"' 



? mq ' C^'S 



Single dose Intraco'onary Nn rpsponses 109 



6 hours 



2 CP 
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out of fourteen patients had originally obtained a 
'major' cytogenetic response. Conclusions about clinical 
efficacy of ODN marrow purging could not be drawn 
from this small p.lnt study. Nevertheless, these results 
led the authors to speculate that enhanced delivery of 
ODN, targeted to crucial proteins with short half-lives, 
might lead to the development of more effective 
nucleic-acid drugs and enhanced clinical utility of these 
compounds in the future. 

Oncogenic «Hinjii-t™n* duett en pathway* 

Protein kinase C-n. Troinn kinase C( I'M ,} comprises 
n family of biochemicillv and functionally distinct 
phospholipid-drpend.nl, cytoplasmic serine/threo- 
nine kinases. These P r»tr ins have a crucial role in 
transducing the signals thai regulate cell proliferation 
and differentiation. PKC is overctpressed in several 
u.mours.and aniens,- inhibitors of these enzymes 
have shown some mhtunmnr activity in vUrn''^ and 



in animal models". Results of two stud.es that used 
the identical 20-mer phosphorothioatc ODN against 
VKUi have been published' 1 '\ The ODN was well 
tolerated, but antitumor effects were modest at best. 
Correlations with levels of PKCn expression were not 
provided. 

RAS pathway 

h-RAS oUxottuelcotiAe. h-RAS is a powerful regulator 
of several interconnected receptor-signalling path- 
ways. The gene is constitutively active, and promotes 
proliferation and malignant transformation m manv 
human tumours. Cunningham et al reported results 
from a study that was carried out on 23 patients with 
various malignancies-. As in other studies with P hos- 
phorothioate oligonucleotides, ontv mild toxicities 
were observed. No complete or partial responses were 
achieved. Four patients had stabilize! disease for fW,0 
cvclcsof treatment. 
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cRAFkinase. RAP proteins are auiul effectors in the 
RAS signal-lransduction pathway. Constitutive activa- 
tion of the RAS pathway is thought to contribute to 
malignant transformation in many ceil types, whkh 
makes elements of this si«ndHin K pathway attractive tar- 
gets for inhibition. Effectiveness of an antisense oligonu- 
cleotide against l-RM has been shown both in wire*" 
and in an in vivo tumour-xenograft model 4 ". On ^isn 
of this work, three clinical trials were initialed 1 * "^V 
A total of 78 patients were treated. No major tumour 
responses were documented, but some patients had 
stabilization of their disease. 

Rlborymes 

Ribozymes have been the subject of several authorita- 
tive reviews 41100 . Although there is a comprehensive lit- 
erature that describes the use of these molecules to 
target a wide variety of mRNA species in various . ell-tree, 
cell-intact and animal-mode! systems (see kh-MU i 0, 
there is little recently published material on the use ol 
these materials in clinical trials. The earliest clm.cal 
use of ribozymes was in patients with H IV" ■"" - w . As 
is true of antisense oligodeoxynucleotides, the 
approach was found to be safe when ribozymes were 
expressed in cells that were then delivered back to 
patients, but clinical efficacy was found wanting. At 
present, several Phase 1/U clinical trials with exo- 
genously delivered synthetic ribozymes are in early- 
phase clinical evaluation for patients with bica.st uivei, 
u.lon cancer and hepatitis. Results of these clinical 
investigations are anxiously awaited. 

Studies In non-malignant dlaeasee 

InfUimmatory diseases. Antisense oligonucleotides have 
been explored as anti-inflammatory agents. An example 
is the targeting of intracellular adhesion molecule- 1 
(1CAM-1 ) in Crohn's diwa.se. In response to inflamma- 
tory stimuli, many cells upregulale the expression of 
/CAM J. which ha* an important role in the transport 
and activation ofleukocytes. It has been shown in vitro 
and in vivothat administration of antisense oligonu- 
cleotides against ICAMl causes a decrease in receptor 
expression, which in turn ameliorates inflammatory 
reactions 103 - 1 ". Two clinical trials with this compound in 
patients with Crohn's disease- have been reported" 1 " . In 
the double-blind study reported by Yacyshyn et ai\ :t) 
patients were randomized to receive a saline placebo or 
anti-/CAMJ antisense oligonucleotide. The treatment 
was well tolerated, and after 6 months, disease remission 
was reported in 47% of patients in the antisense group 
compared with 20% of patients in the placebo group. 
| urthermore, uirlicosltroid usage was significantly lower 
ip - 0.0001) in the antisense-treated patients. I hew 
results engendered a great deal of exutcment, but the 
enthusiasm was subsequently dampened by the lollow- 
on study that was carried out with this compoumhn a 
larger group of patients with this disease ( ri = 75)''*. In 
this placebo-controlled study, no statistically sigmlitant 
differences in steroid use between the treatment or 
placebo groups was observed, although 'positive trends' 
were seen in the patients who were treated with the 



jnt.wi.se oligonucleotide. As with other studies, tox.c- 
,tv was mild and consisted pnmanlv ol pain at the 
i m !<.'l I ion site, fever and headache. 

I he anti-/CAM/ oligonucleotide has also been eval- 
uated m patients with p.onas.v The drug was initially 
administered by intravenous infusion to these individ- 
uals, but examination of their skin indicated that deliv- 
ery to its various layers was poor. For this reason, a topical 
formulation was developed. Although preclinical data 
about uptake of this formulation into the skin and 
Jownregulatton of expression of the target were encour- 
aging'" 7 , the ensuing clinical trial showed only modest, 
short-term effects in these patients (see the ISIS 
Pharmaceuticals web site online). The ultimate useful- 
ness of this compound remains to be determined. 

Cardiovascular disease, rkstlnosis of coronary vessels 
d fter iNjm-cathctcr revascularization procedures 
remains a serious clinical problem. Manipulation of 
coronary vessels invariably leads to endothelial-^!! 
injury, which is often accompanied by thrombosis, 
smooth-muscle-ccl! activation and subsequent vascu- 
lar remodelling. The myclocytomatosis viral oncogene 
homologue (c-MYC) has been identified as an impor- 
tant mediator in this process through its effects on reg- 
ulating the growth of vascular cells in atherosclerotic 
lesions. Accordingly, it has been postulated that c-MVC 
might make an attractive target for preventing post- 
ang.oplasty complications, and at least two clinical trials 
using a 15-merphosphorothioate-modif.cd antisense 
OPN against c-MVC have been reported 11 " Both 
studies showed safety of intracoronary application ot 
the drug, but no objective clinical responses. 

Oligonucleotide* »• Immunological adjuvant* 

Over the past several years, it has become increasingly 
appreciated that several types of immune cell have 
pattern-recognition receptors that can distinguish 
prokaryotic DNA from vertebrate DNA 1IU . 'I his is 
apparently accomplished by die ability of these receptors 
lu recognize unmethylated CpC dinucleotides in certain 
base contexts (CpC motifs) 1 ". Bacterial DNA. or more 
germane to this discussion, synthetic oligodeoxy- 
nucleotides that contain these unmethylated CpG 
motifs, can activate immune responses that have evolved 
to protect the host against infections. Responses of this 
tvpe are similar to T-hclper type 1 (T H 1 Vcell responses, 
and lead to activation of natural killer (NK) cells, den- 
dritic cells, macrophages and B cells 1 -. CpC PNA- 
induced immune activation has been shown to protect 
certain hosts against infection, either alone, ot tn combi- 
nil „„n wah vaccines !t :s reasonable lo .suppose, then, 
thai CpC containing oligonucleotides iniglU prove to be 
dleetivc adjuvants lor the immunotherapy ol .aiuer, 
and ior boosting immune responses to antigens that are 
kss effluent in this regard, but to which one would like 
to immunize a host 1 ". 

The most recent application of this principle was 
reported in abstract form at the December 2001 meet- 
ing of the AnuTuanyuHUnlliur.Uoloo, where 
preliminary results from a clinical trial in which the 
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Table 2 
Product 

Anli-c-MYC (AS) 
EPI2010 

(AS against ade' « 

Genasonse 

^AS against BCL2} 

GTI 2040 

(AS against ntxruxioo- 
HGTV 

(AS agamst HIV) 
CpG molecules 

Angiozyme 

(Ribozyrne against vf ;V 
Heptazyme 

(Rtoozyme against hiCV) 
Herzyme 

(Ribozyme against ML'--. 

!S!S 3521 (PKC-u) 
ISIS 5132 (c-RAF) 
)SlS2503(h-RASi 
G3139 (BCL2) 
GEM 231 (PKA) 



Diseases 

Carjtnv^s^jiar F < 
Asthma, physn i 



Company 



, Phase ! 



HdCimatoioo/M' [nanqnancKiS 
S:ik1 turnout. Pn.isu ii> 
Solid tumours, Phas»? I and II 



h!V, Phase 



Solid tumors 

lolectous diseases, Phase l/H 



E* feast and colon car'; 

HCV, Phase i 

breast am v - < n 1 

v. nhl. Phas* 
^jDhd tumours, Pi'MSt. 
rjGCLC, Phase H 
r JUL. Pfiaso ll/m 
•^A, Phase II 



; Phase II 



■ Phase i 



iSlS Pharmy eutr^s 



«^=Srlc5a>o5^ 

VEGFR1 . vasculsr-endotneiiai-growth-tactor ryceotc* 1 



safety and efficacy of a CpG adjuvant was investigated m 
16 patients with mm-! lodgl- "i s lymphoma were 
reported 114 . Analysis of the data accrued at the time of 
submission indicated that the oligonucleotide increased 
the number and activity of NK cells in treated paiiems. 
and 2 out of 16 treated patients achieved partial mill- 
ion. The study is continuing, and a tullow-on trial of the 
CpG oligonucleotide in combination with nuiMiiuh is 
being planned. 

Problems In need of solution 

Nucleic-acid-mediated gene silencing has been used 
with greatsuccess in the laboratory 107 ltvil \ and this 
strategy has also generated some encouraging results in 
the chnic w "'* , '""' ,iy . Nevertheless, it is widely appreci- 
ated that the ability of nucleic-acid molecules to modify 
gene expression in vivo is quite variable, and therefore 
wanting in terms of reliability 1 *"' 111 . Several issues have 
been implicated as a root cause of this problem, includ- 
ing molecule delivery to targeted cells and specific com- 
partments within cells, and identification ol sequence 
that is accessible to hybridization in the genomic PNA 
or RNA'. Intuitively, PNA accessibility is limited by 
impaction of nuclear material and transcription activ- 
ity of the gene target. Formal approaches for solving i Ins 
problem have not been widely discussed. In mKNA, 
sequence accessibility is diddled by internal base pairing 
and the proteins that associate with the RNA m a living 
cell. Attempts to accurately predict the m vivo structure 
of RNA have been fraught with diiliuilly'". Accordingly. 
mRNA targeting is largely a random process, which 
accounts for the many experiments m which the addi- 
tion of an antisense nucleic acid yields no effect on 



th 



expression. Several approaches to this problem have 
been tried, including trial-and-error 'walks' down the 
m RNA 1 : \ computer-assisted modelling of RNA struc- 
ture 1 ^, hybridization of RNA to random oligonu- 
cleotides arrayed on glass slides'^'" and variations on 
I he theme of using random oligomuleotide libraries to 
identify RNase H cleavabie sites, in the absence or pres- 
ence of crude cellular extracts 11 '-'". Recent work !rom 
this laboratory indicates that self-quenching reporter 
molecules might be useful for solving m vivo RNA 
structure 12 * , but the reliability and usefulness of this 
approach remain to be proven. 

Another problem in this field is the limited ability 
lo deliver nucleic acids into cells and have them reach 
their target 1 ". Without this ability, it is clear that even 
an appropriately targeted sequence is not likely to be 
efficient. As a general rule, oligonucleotides are taken 
up primarily through a combination of adsorptive and 
l1uid-phascendocyios 1 s l,!ltH . After internalization, 
conlocal and electron microscopy studies have indi- 
caied that the bulk of the oligonucleotides enter the 
endosumc-lysosomc compartment, m which most of 
the material becomes either trapped or degraded. 
Iiiuh.gic.il inactivity is the predictable consequence of 
these events. Nevertheless, oligonucleotides can escape 
Iroin the vesicles intact, enter the cytoplasm and then 
diffuse into the nucleus, where they presumably acquire 
their in RNA, or in the case of decoys, protein tar 
^ cl m.oj oi, n L hvery technologies continue lo improve, 
so n is hkelv that present methods, and/or other oolv- 
mg technologies, will be used successfully to deliver 
optimized nucleic acids to their cellular targets' 
Indeed, it is our hypothesis that development ol 
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rffrttivclv tareM'-'i and rffu irnlly delivered nucleic-acid 
molecules will Ir.u! to important advances in the diag- 
nose and treatment ol human malignancies, and other 
diseases Tor whi< h tlm d.t« of molecule has been pro- 
posed lo be efT''( tivr. 

In addition t-> . Iclivenng and targeting oligonucleo- 
tides to the mR^\. we believe that other considerations 
might improve the r flu .icy of this strategy. In this 
regard, wr sugg< th.il the abundance and half-life of 
the target mRN A should -dsn l>e considered when select- 
ing a gene target. The < -A.fVJ* mRNA that we have 
chosen to target, as well as its encoded protein, has an 
estimated half-life nf ~M>- 50 minutes" 7 By contrast, 
BCL2, for example, has a half-life that has heen esti- 
mated al -14 hours" 0 , and RAP and RAS have half-lives 
that are estimated lo he > M hours Hn - M \ Attempts to 
eliminate these proteins from ceils using oligo- 
nucleotides might therefore prove more difficult. 
Whether these considerations will apply to extremely 
long lived or endogenous^ expressed antisense vectors, 
remains to be seen. As the efficiency of these molecules 
for perturbing gene expression improves, an important 
consideration m target selection will he the relative 
selection in the target versus non-targeted tissue. The 
ability to target genetic polymorphisms, or cells affected 
bv loss of heterozygosity, might be an effective solution 
to this problem' 1 -', 1'mallv, another approach for 
improving the effectiveness of nucleic-acid drugs as 
anticancer agents that is under intense investigation is to 
combine them with more traditional therapeutic 
modalities. Although this might well prove useful, we 
strongly believe th.M it rrmains important to continue to 



explore strategies that are designed to promote more 
reliable and efficient gene silencing with oligonu- 
cleotides alone. As discussed above, a prime motivating 
force for developing these drugs is the hope for non- 
toxic therapies. Adding bacV chemotherapy, although 
perhaps useful in the short term, is in the end counter- 
productive to this specific goal, unless it can be used at 
significantly reduced dosages. So fir, this has not hern 
the case. 

Conclusions 

The concept of inhibiting gene expression with antisense 
nucleic acids developed from studies that were initiated 
almost a quarter of a century ago' V, V Despite the fact that 
the mechanism by which these molecules modulate gene 
expression is not always certain' 2 ■""■ M \ clinical develop- 
ment of antisense compounds has proceeded to the point 
at which several nucleic-acid drugs have entered Phase 
I/!!, and in a few cases. Phase !!! trials. Others are about to 
begin, or are in the late planning stages (TAIM.F 21. The 
original motivation for developing these molecules 
remains strong.The recent development of leukaemia 
cells that are resistant to the small-mnlccule inhibitor 
( ilecvee provides another incentive. Although a cell might 
he able to evolve mutated proteins that evade a small- 
molecule protein inhibitor, this cannot happen if the 
mRNA that encodes that protein is no longer made. 
Accordingly, although only one antisense drug has 
received MM approval so far 1 ", all of the investigators 
who have laboured long and hard in this field hope that 
the time to celebrate significant achievements in the clime 
will shortly be forthcoming. 
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"'■j-i.-* A f<*t»x) '■jrwyn I" thf mm of hrrry^oom F 
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M.^i fr I rii(fTY^ritnv^^Txi^nrTv^QWTecrriv*r^ 
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f>rr NMiAatri .Vj 1 97 . nnorvorop pnooi 
An tmrortimt thxfy thut th(*«t »w ut« of mptff-^"- 

mnHHIcuHnn *1 *mtx*«\d>m* > 50-foW hl^Kw than »n> 

• .■ ;rr«r*i i ' n «r ,1' [ 'NA rlr^Yl nf rhimwv, 
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..y^rn^-x- ^nrlrarK, M r * 'C >\rr^ fJP^ 
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crnovn /^fi^smcf Hr* 5 101 ire itwi 
KWknpt C L «iaf A^r1irrth»^«nf rwrxnt^HA'T 
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282 11 1-115 U90RI 
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tr*&Hn1mirrtit4nr,'T W CM fim 19 .IW^.fi 
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r ..„ tv ..^ J r ^ h iU» <;M N~ti r» (i nrtmri (V 1he 8r*rw-p 
[*pHNA i v.t. htk1i I r»r. *a *r;tr^ln fcir HNanw I- * 
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f.iT^ + f> ', i Miifcn d» tn«m,TiwTw of arrttanrMf* r*iitF 

C.v.'f»nptto ! ) V+wt M A iVw* J J lntn«*.*» 
WW Tr 1 fi rr.nnn nl .mVJRn-* cnlaM*c RNAs 

iw- i i Uihfi/vmflr, opnrrnirr pnrl thprap«jHrs 
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*K 1 t» rrxr** 1"" 1 rV> r.f thn NWt * < rihOTVrfW An Www 

A.-,* : vi »j />*■ 7 mv4M(umn 

n.vrfrt A '>¥^h.W7* 1 ^Arnp (tvrv<ry two 
,h.wrji-«^"v*« arvi rW^ rv'*** for onrm ttwflpv 
r^y, m„ ,*r A ( -,fr*« Vfrv H»K 5*. 1 -,19(1 rem. 

in tu< n/mmf rt*v«1 FIN A rV\*/30/> mprjflm HiTCfW^'V 
30 MM nir'W«nqi| 

( r-h- 'tw r Tfv Kmirivvtvi,Tf1 "«wi/V^« FnrAiflm $TC 
r f rr^ 2* fT' 'VVl il'^lQ 

■ A v nclrr M J Kinr-V-s and ttwrvrVw^- ' 

34 i'.si.l 

ttvfi'n v+^vv"<r- i>srtKwnrt< tor INi hfrnmprtTOBd rtwvmr 

A pr^c*ich#mlcai thidy of himm r fi— d-Hbo?ym» 
Mnrtlng »nH rtaivage to in mRNA t»fff«l 

inn A n'« Ttrt-^^f^^-nf^wleno^-m*****^ 

^ h n|K->,".«v» »^ (i xt*w>nn.tal hUvWv c«nc*r 

M J ^,r,l;i/fy HM UitnrfAiflf gprKTf<tcm rif 
-.tr;* v-Wt' PNA (r* rtrnfTW?onv*l iHr>»*w tcrmaflm ami 
rv+rrVrnax^-naVri VirW A/;rK ^ » .5140-^11^ 

bwt ioe ' !'i,-.i^(?nrin 

RNA C-wv- Mrv 1 ?;J-?WH™KI. 

Th^ author*' hypo»ti««it thfit DNA could h«* <tvt 
<>mf rJitatytic «ctivtty •• RNA was thown tn M 
int»n> ^*)nq work, which uwrt « ooW In vffro i»tee**o« 
tw*or) to ld*»nHfy ii mt»t»t-<1«owio>nt DNA wnrfm*. 

lr» ttiB ■■yirx hv p t^IW: do«\T*TP Of HNA. J Mr* ^ 

313 JP5-."H ^T0 1 l 

^-f in*' .vytii"- W 1 r - ^SA6 (?oni I 
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An lmnoni.n1 thK+v *h«1 »upp"rf 1 1h« poi^lNnty thjit 
nwAt mtnM h* »rf>t*v»'l In mammalian r#M«. 

n,,^:!.*, I I »»l A M Allwirnri fi J Mutrtfiin 

t»j/\ t ism-i'-r' (prvii) 
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K5 1 vn. t?fn(^m 

r T irr « t r»wn PA* Bartf^ D p hnai 

. t, . # -trwvVwl UNA iho AIT- ^Inronrtrtt rtwfO» o( 

r-f »JA ^ ? 1 m ?1 n, rtrr>tf to Mrrv*! r* 101 ^ ,11 fimn 
An Important obWwvaHon, wN* Kww« m«Iiltor« 
of ONAJ *rm 21-23-nt tr«qm*n« mat arw c»«»vwd 

from loo^ar rt^nMA. 

\ T r* H T Rmtrrwl analrmy of -aRNAr fnr mrrlinfinq 

i :j 20 W 7 ; -fWW C'nnn 

H VJiriv** M J Annwat S A Knm. R 
i it , ,m ( ,f t*^sv»r*t- fx rrwi p mr?NA in TTVT^mn»,-r 

\i\a<o i?<yrvi?M4 i^f^ 

Th* w« or antia»na«> DNA (O r^n»t*1n mPNA «pHdrifl 
m opoowk* lo tti mors u«j»i urm sa an RNA blockwr 



na/* V »r nl M ? rwrfwrw.iirr. i-< iflflmi 
««.:1ar*-P "M^-K^rt tK t rvK Trt-rv (I;** «o r,pni|IN*> 
rrwi^fl^. *" ' ^>*:<V 13 ^>M»l!W| 
Rml J 0 Ani^»^R i-V^in, w.< .' 

f v,ir^t-rrTyrvi oxfir^-if^ 3nr1 *-ry 
<rA-i r-fnnw»rl^Tn' ! i *■ 

1?pft 1 7.11 f^'TVTI 

Ir+^w, A w f Wnr»ry r/vr.fi w^nl TV > ' ' n (P- C 1 

riOTfla'rt in t>mrvTV» rqfr^nry { *n<tat (l rpor or . r ^mn 
OrcfV 29 f^-^OCPOOn 

01 C-myfj rjre *wnrw«»nn H »rlocynflort hnon rrwrrw 

Th* efnterf um o» «n antlawo^ 0NA wflti 0<>o<1 «*v*Y 
•gakiat tta mRNA targ*1 and pnarmacooVw"^ 
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M„-rW /Unf fW 133 r^-W (?fW)l 

i » n r*™ of homor#oNn A *yn**r& ^ 

rvr H^f Acflrf ,Sff ' ISA 97 0^1 J)^, (?T0fl 
KAr-.nt.viip D P . FVrtrmr C C' . Cirt>CWT*j J A. 4 Kc*p R 
WxtV:3hnn of 3«nmatlvn v***! C f^'-x pra-mRNA in 
[v ■ - 1 :*u. wvl t »rw-,l canrnr cHIr anaV* of ^vX^o'S", sod 

t^tr, fw On 276 -6411-16*11 < (pnon 
A^-yn-.v^ r, A/Ivto 0 Mvndh^VT«0*(rr«rlnntirin<;- 
r^r-wvnl mnhjnrtirWnliflP nrtwrl foxirltv v*r> 

r.«,-*n l Mr*in )Lv nvr+vrirr^ d arttnn of anlir^nsfi 

A i-, mifvsnl --V-.-VRnp t 1 ^ pnrf of artl-vnw 

mw^ti P y r^Aww^ior.w^nnniywr^ooVplpr 
Kvt.tYT*^ Annri ^ryV'V fVv^o/ ,^nrf 24. tC>7-1ftf 

W yv, '-lait r t^wrti f. M M.oonw 0 J 

ft -^trHlrrt r»«w!^lr*\?(tH^tn«^i*f>thOSAl(n»varv1 

^. T i, r m\M ^**-t«*l h» mar « of w dniorrx r; K^rifVvirvl^ 
tfW rt rnl J) nWynfl ttwt ^Prvn", I W 1 RNA M ( /m 

> A|..,>rtr> n 0 »"n' AP^^lM^(^E«rMron«isCD^4' 
nrrrwtrxv**- prnfFrJtnr rr*n tmn-rt rr<1 w«h an an^ HfV 
n...*^ H-f" f)en» rfvr 10..VSE^2?7Ciinqa| 

) P fVfl' f^iwrtw-.fTWnfltV-'! 1okTflt*tV Of 

^^Trrtr trnrrMr^ O Mi'l.*i antiwro 
pj vi-i-*vm1t*v»lfl (*.r»K nnrerVi in t-ITV pr>-^^ st/^*; 
j rn fiwrmnro/ 39 4? M(i"»rwr) 

1 f(,*y^ M P atfil r^** I »fW of *i anthprttC 

r*, m ir bv**> 01 IHp'S.lin hpmpitoloar rn.Kiqrancws J 
r>i^V 14 1.W i.Tmdtjnra 

1 rv* ir»»i W M . Hrtwn.W c; , GrfciR. P C . Ty+'ncHR' f J 
A A tT f»wnl S f>T^«rnrrit jvltvaNnn and fwr^Vvrnk:, 
ciunf^ InHovutnq IntfWBnoi f arlmrr!Tr3fion of 
r <w^(ihf»"«Hnf*to o>orn« r.-lortirlnr. n thn rrxr^fV Anfr^ft 

iv- r ^ 4 ?oi .?nn(i'mi 

; t j< i k d vtiiK J «f A' t P-^* fitmn nf LSI'J If'? 1 ^ 

,^ i.-/ir^ nirrrlooir^ru riiViflrVi in nrmtnin krvW) C m r> 
p^irvit- wifr actvarv:rt ( ^VYf ,/ C*>. C>X,fV 17 
v cf.. ( rvif- (IT"! 

, j - i rir* ^imr1phpfTT«fy+inn*ir 

^-tf^,^ Hrr1r^i'i v - Vt^^i i>vtV 18. 

-i , ii ■ m a n*i.v-/! ' rVirfi w*xjrnpnv^fTvrrwT«i 

i»^irr«,tt an irhwv rv:^ .^rinrivrinnttfy. 

* ^..vwtfil TiUmH^nnP n rvitimf: wftfi mrtaitnttr 

^^rvT^fl rr**inrv n r o-l.' 1,fl **** f?r '' 7 

■'i-,M i-ir ' pn^'t 

: i , w - A P f>t t\t P^W* I Hi r-v nl ar4tvnr.R 

-f > »^ K ^trVitn runtnin Urvwi r ,-*i ftTyn I 1 ",," 1 1 / CT,P 
f.H^A n p,itir*-H«i -Jvtlh ' .-o nr r>^ f>rirnr Hrtr 5 

~r /.^ r I, k>fT^«T f ; i (sr ftwvii'ir r >>'; ^ 

r*-/ .,r/"rrYl*'l,'' f3fT*/ .iTTrl <-rf rVwIh RKnrl 88 

v..i\ innrj 

rwi-i j < u r; *r^*v rm»^r; flfrnirfor. nf rtv^rifp^t^cp 

r -„v« r,.»,yV|flf W-»3 I'^-if^d'*^ 
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r^wn N fl*(ll Inht^rr' nf ryrxvth nl ht unan H rrvr r«4 HPfV 
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nfOtf^l-ina^C nmr^'^n CTr^^ » .14<X1 JVl' 
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Qmrttwn. C C pi nt A Phanp t trtrt of H-nv frtiwv 
ofcrnnrtontifln roT, artrtrviifwl n contnjti 
Wravw. Klnfinorr, paHpnK w>i h ;<nV^nrfln r^-moma 
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int^nnti-ri 3 anri intrrlr. f"rf P^-v 5 
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Mnnig B P Jonnston .1 r 0«0W. T MiA*t M ^ 

Fantrn D Antmrnor artMtv o' ^ r^ov >h orntt^naip 

antiwrw ntKjnrVrrtvmx^ot'rtf tyoptori wmr-i c r* 

kirew AinfimMnri 2 WW,7F,(inr»f?. 

A uiwfiJl rrKHiae itwiograft mod*) for aiamfnlng 1h« 

u»*hjln«M of an oBgorf#o«ynud*o«<M 

Rirfn C M era/ ' of 51 1.' .an artivrw 

Wf **tv r>* rjnr to rwittnnt- wtth srVfvv-f^ r-*rv-*T rfn 

5 Frk r .1«n. f f.J<oqflror- arx*^**" 1 o' rtxrv^rw; Itt 
mhihrtrq (jrmn *wrw«nn C*w f ^ 

Lonrw D * Ai, M r>^oa( sf^te of fiho?vmn-, ^ 
Irw^pwrtk^ m orr« rtvrarv Mnfvr* 74 

fVnvw V fif fl' AJ rlrwr for HtV tVQPtirn r^orv™ i 
Phalli NSqfiirw Hnfor*r>oV 1fl 1/Hr*W 
RemnM C F CorxVn. T P . C.nmm 8 Chan m t 
CNa/T) M Y irNMHrm of flrv1n»hr*,T' rr* ar1hf.<snn nrv*n <n 

wtth antrymm r*qon jr-kul^k^, J fmrnirrV 
152. ,15.10^40(19^1 

N^lo r 0 t**"a. R T> Finnnnft C F . Cfw 1 M A 
McknlolI.R J OrtTrtclrAlhnni rm*rr1 trr »r'*p anrt 

jwist^w^Mnr^ariMVofirjw-i r/xr*/vxotNo,vr> 

0f*m)fm 103 f>fip-S7f.(l9W) 
Mk^e M P Hnnrv* C • MHw H F * Wrtrh 0 P 
F.rrv«Trrr) m^^tir ao*ty of W M tm^wf malonani 
mrtwrv c**: it ^ i^srt hy ilar ,vthr>^^ 

moV« M- ' "CAM - 1 . Cf ^41 artiw^ f*|nr. rt^trln- 
f*p 2^4 ?T11-?41 [1THI 

Sr)rnr*r j *>r,if ^vriro ol r>rVj«-> r ,f -, t ^:i Kjvkvi 
artivrw k'.AM 1 tr<v¥*"*Tnt rJ -l-rrr* ar^r^i r >^ v 
rk-yvm C^fWw^h-A 120 1 V**- 1 XI r, i;xr'l 
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^ M1 nrpmlltpra^^^I 1 p'Vvv^ l ^l'v nuAn.ifc^QrrvHh rar'nr ■ 

18 W1^?r,|?00f7) 

fVrp >o r pf f i/ '>*f>V nr rit'-arnmrvrv artTwi^tratmn nf 
r myr pntn«w okjnrr¥T-> ,i"fir i«n f^non r »n»n-* 
corrrwvaoc>npU^vff , Tf;Aj A"f.-wKo »>r*w ArrffTrrj 
Ow 11 qr> -ncwnii 

Ki(trvi< W .1 ff-V Ln/^intraOOrnrvrv^1rr*T»^r;,1^nnl 

D f n m-^fw/, nf fhn r^vVinWt o/n'V^Tv^ 
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and M T> a«T rrrrvrv ^tN, fi ! AJ K_, r \) nn J A'" ' >^ 
Cirrf^ 3<t ;>m-?P7 frrr^ 
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rtl Sinn, r, A r>w. wtttnrfw fw^'' ^f-m MM 

tnwfrtWlolCMVrrttnW. '^'^ fr, *'" lf,, 

4S Wtvttw G B . Hu A A/a<1. R ' Annnnm K p * 

42 q71-07T (19QR1 

-mal^rf irr.LC1 Jrxl -n. sm* ^ fWCLCH ra nannflr A 
0»w (T0RTCI ^ rt^ rr^ r mnr^ J 

Acknowlfviaornpnts 

M Gmr*i is prptf* #V «r+ivw4nr1nnr1 



I nni.LWc hflo //www rvti ntm r#i 0Ov/l 0O.IS- "V 

ai ! nc^ I nr.n ! com l ncrn i 

PK&i [ PKR i r. RAT I rthnrKrlRPlirV ™r* r»*w i v 1 1 

PNasRLlVFOFP 1 

M*d»cap« Dnigtnfo: 

OMIM: htlp //www net* r*n * tP*'^' 
CnVn ^ rH-w^ 1 ! psrflasts 

PURTHtR IHf ORMATfOM 

Encyckx>««» of LHe Sctenc«: http 'Aw« ^s nnt 
^ttspr^fl r. ictrtr arris tn bW«r.hnr*rxr/ 
An^ican Society oi Htemntotoqy: ™r hnrr,iMr»rv rra 

FDA: htlp //www frtfl qnv/rlnfai jH him 



" www n^t.r* fn^. -PV^w< 'HMtfH. 

fD 2no2 Nfltnre Publishing Group 



